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SUMMARY 


Analysis  o f  p i l o t  response i n  t h e  performance of  a closed-loop c o n t r o l  
s i t u a t i o n  has  shown t h a t  a l a r g e  remnant ( n o i s e )  i n  t h e  p i l o t ' s  c o n t r o l  ou tput  
does not  a i d  t h e  c o n t r o l ,  bu t  adds unwanted motion t o  t h e  system response.  
The use o f  a f i l t e r  on t h e  p i l o t ' s  c o n t r o l  ou tput  could improve t h e  per for 
mance of  t h e  p i l o t - a i r c r a f t  system. What is needed is a f i l t e r  with a s h a r p  
high frequency c u t o f f ,  no resonance peak, and a minimum l a g  a t  low f requencies .  
This  i n v e s t i g a t i o n  s t u d i e s  t h e  use fu lness  of a non l inea r ,  r a t e - l imi t ed  f i l t e r  
i n  performing t h e  needed func t ion .  The effect  o f  t h e  nonl inear  f i l t e r  on t h e  
p i l o t ' s  c o n t r o l  ou tput  is compared with a l i n e a r  f i r s t  o rde r  f i l t e r  and a no 
f i l t e r  cond i t ion .  , An a n a l y t i c a l  s tudy using p i l o t  models and a s imula t ion  
s tudy us ing  experienced tes t  p i l o t s  were performed. 

The r e s u l t s  showed t h a t  t he  nonl inear  f i l t e r  does promote quick ,  s teady  
maneuvering. The nonl inear  f i l t e r  a t t e n u a t e s  t h e  high frequency remnant and 
a d d s  less phase l a g  t o  the  low frequency s i g n a l  than does t h e  l i n e a r  f i l t e r .  
I n  a d d i t i o n ,  t he  ra te  l i m i t  i n  t h e  nonl inear  f i l t e r  can be se t  t o  be t o o  
r e s t r i c t i v e ,  thereby caus ing  an uns t ab le  p i l o t - a i r c r a f t  system response.  

I N T R O D U C T I O N  

Analysis  o f  p i l o t  response i n  t h e  performance of c losed-loop c o n t r o l  of  
dynamic systems has  shown t h a t  t h e  p i l o t ' s  response is  composed of  a s i g n a l  
t h a t  is l i n e a r l y  related t o  the  inpu t  s i g n a l  and a random no i se  wi th  a band 
pass  equal  t o  t h e  band pass  of t h e  l i n e a r  s i g n a l .  The s tudy  which l e d  t o  
these  conclus ions  is presented  i n  r e fe rence  1 where the  v e h i c l e  being con
t r o l l e d  was an a c c e l e r a t i o n  response p l a n t  and t h e  p i l o t  band p a s s  wasK / s 2  
about  10 rad/sec. If the  p i l o t ' s  c o n t r o l  ou tput  is considered t o  be composed 
of  a s i g n a l  l i n e a r l y  r e l a t e d  t o  t h e  inpu t  p l u s  an uncor re l a t ed  n o i s e ,  as is  
done i n  re ference  1 ,  then modeling t h e  p i l o t  as only t h e  l i n e a r  c o r r e l a t e d  
p a r t  of h i s  s i g n a l  r e s u l t s  i n  a lower e r r o r  s c o r e  than t h a t  ob ta ined  wi th  t h e  
human p i l o t .  Adding t h e  no i se  r e s u l t s  i n  an e r r o r  s co re  t h a t  matches t h e  
s c o r e  obta ined  w i t h  t h e  p i l o t .  This  s tudy of  r e fe rence  1 i n d i c a t e s  t h a t  
e l imina t ing  t h e  no i se  from t h e  p i l o t ' s  c o n t r o l  s i g n a l  would improve h i s  per
formance. I n  fly-by-wire c o n t r o l  systems,  it is p o s s i b l e  t o  use  a low pass  
f i l t e r  on t h e  p i l o t ' s  c o n t r o l  s i g n a l  which, i d e a l l y ,  would e l i m i n a t e  t h e  high 
frequency remnant s i g n a l  without  a f f e c t i n g  t h e  low frequency,  l i n e a r  p a r t  o f  
t h e  c o n t r o l  s i g n a l .  What is needed is  a f i l t e r  wi th  a very  sha rp  c u t o f f ,  bu t  
with no resonance peak, and wi th  very l i t t l e  phase s h i f t  below t h e  c u t o f f  fre
quency. The purpose o f  t he  p re sen t  i n v e s t i g a t i o n  is  t o  examine t h e  use fu lness  
o f  a non l inea r ,  rate-limited f i l t e r  i n  provid ing  t h i s  needed func t ion .  The 
nonl inear  f i l t e r  was compared wi th  a no f i l t e r  cond i t ion ,  and wi th  a l i n e a r ,  
first o rde r  f i l t e r .  Higher o rde r  f i l t e rs  than first o rde r  were n o t  considered 
f o r  t h e  l i n e a r  f i l t e r .  



- - -  

Reference 2 is similar t o  the  p resen t  s tudy  i n  many ways. I n  r e fe rence  2 ,  
f l i g h t  tests were conducted w i t h  an e l e v a t o r  c o n t r o l  boos t e r  which contained 
a v a r i a b l e  rate l i m i t .  It was found t h a t  the  rate l i m i t  could be restricted 
t o  7O/sec w i t h  no de t r imen ta l  effects  on the  c o n t r o l l a b i l i t y  o f  t h e  system. 
It should be noted t h a t  i n  r e fe rence  2 the  c o n t r o l  rate l i m i t  is not  included 
i n  any s t a b i l i t y  augmentation loop c l o s u r e ,  and t h e  p r e s e n t  s tudy  does not  
sugges t  t h a t  the  f i l t e r  be included i n  any s t a b i l i t y  augmentation loop. Refer
ence 3 shows t h a t  i nc lud ing  a rate l i m i t  i n  a s t a b i l i t y  augmentation loop can 
des t roy  the  e f f e c t i v e n e s s  o f  the  s t a b i l i t y  augmentation. Inc luding  a rate 
l i m i t  i n  the  p i l o t ' s  c o n t r o l  s i g n a l  can a l s o  cause a d e t e r i o r a t i o n  i n  the  con
t r o l  response o f  the p i l o t - a i r c r a f t  system, b u t  a much lower rate l i m i t  can 
probably be t o l e r a t e d  i n  the  p i l o t ' s  c o n t r o l  s i g n a l  than  can be t o l e r a t e d  i n  
a s t a b i l i t y  augmentation c o n t r o l  system. 

SYMBOLS 
J4 


Values are g iven  i n  SI  Uni t s .  The measurements and c a l c u l a t i o n s  were made 
i n  U.S. Customary Uni t s .  

Z-axis f o r c e ,  N 

g r a v i t y ,  9.81 m/sec2 

a l t i t u d e ,  m 

moment o f  i n e r t i a ,  kg-m 2 

g e n e r a l  gain 

pilot-model a l t i t u d e - l o o p  s ta t ic  g a i n ,  deg/m 

remnant s t a t i c  ga in  

pilot-model pi tch- loop 

l i f t  f o r  lg 

1 aFz 
= - -

mV act 
-, per  sec 

Y-axis moment, N-m 

1 aMY- , per  sec2  
I y  aa 

s t a t i c  g a i n ,  deg/deg 



- - -  -
M6e IYa g e  

, per  secz 

mass, kg 

p i t c h i n g  v e l o c i t y ,  r ad / sec  or deg/rad 


Laplace v a r i a b l e ,  pe r  sec 


time, sec 


t o t a l  v e l o c i t y  


cons tan t  v e l o c i t y  i n  x -d i r ec t ion ,  m/sec 


coord ina te  axes 


ang le  o f  a t t a c k ,  r ad  


f l i gh t -pa th  ang le ,  rad  


e l e v a t o r  command, rad or  deg 


e l e v a t o r  d e f l e c t i o n ,  r a d  o r  deg 


p i l o t  s t i c k  d e f l e c t i o n ,  r ad  or  deg 


p i l o t  model -a i rc raf t  system a l t i t u d e  mode damping r a t i o  


s h o r t  per iod damping r a t i o  


p i l o t  model -a i rc raf t  s y s t e m  s h o r t  per iod mode damping r a t i o  


p i l o t  model -a i rc raf t  system c o n t r o l  mode damping r a t i o  


p i t c h  ang le ,  rad o r  deg 


p i l o t  model -a i rc raf t  system p i t c h  mode r o o t ,  r ad / sec  


frequency response phase ang le ,  deg 


f requency,  r ad / sec  


p i l o t  model -a i rc raf t  system a l t i t u d e  mode frequency, r ad / sec  


s h o r t  per iod n a t u r a l  frequency, rad/sec 


p i l o t  model -a i rc raf t  system s h o r t  per iod mode frequency,  r ad / sec  


p i l o t  model -a i rc raf t  system c o n t r o l  mode frequency,  rad /sec  
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Subsc r ip t s  : 

C command 

e e r r o r  

A do t  over  a q u a n t i t y  denotes  a L2r iva t ive  w th  r e s p e c t  t o  t i m e .  

EXPERIMENTAL PROCEDURE 

The three f i l t e r  conf igu ra t ions ,  no f i l t e r ,  non l inea r  f i l t e r ,  and l i n e a r  
f i l t e r ,  were examined w i t h  p i l o t  models i n  combinstion w i t h  a s imple aircraft  
r e p r e s e n t a t i o n  i n  an a n a l y t i c a l  s tudy .  These conf igu ra t ions  were then examined 
w i t h  real p i l o t s  i n  combination wi th  a complete aircraft  r e p r e s e n t a t i o n  i n  a 
fixed-base s imula to r .  Three d i f f e r e n t  t a s k s  were executed i n  each case: (1 )  a 
s t e p  p i t c h  a t t i t u d e  change, ( 2 )  a s t e p  a l t i t u d e  change, and (3)  a s i n u s o i d a l  
a l t i t u d e  command. These tasks were performed w i t h  three d i f f e r e n t  a i r c ra f t  
conf igu ra t ions  which represented  a medium speed cond i t ion  a t  a Mach number o f  
approximately 0.6 and an a l t i t u d e  of 7620 m ,  a high speed cond i t ion  a t  a Mach 
number o f  approximately 1.0,  and a low speed,  low a l t i t u d e  cond i t ion .  

The p i l o t  model used i n  the a n a l y t i c a l  s tudy  was 

This  equat ion  re la tes  p i l o t - c o n t r o l  d e f l e c t i o n  t o  p i tch-angle  e r r o r .  A block 
diagram of t h i s  mcdel is shown as the inne r  p i t c h  loop i n  figure 1 .  No lead 
term has been inc luded  i n  the  p i l o t  model because t h i s  s tudy  combines the  p i l o t  
model w i t h  a i r c r a f t  t h a t  have s a t i s f a c t o r y  handl ing q u a l i t i e s ;  it has been 
shown t h a t  no l ead  i s  requ i r ed  t o  r ep resen t  a p i l o t ' s  response w i t h  these a i r 
craft .  The lag t i m e  cons t an t  o f  0.2 sec has been shown t o  be a proper va lue  
f o r  t h e  p i l o t  model when a i rcraf t  w i t h  a t  l eas t  t o l e r a b l e  handl ing q u a l i t i e s  are 
being c o n t r o l l e d .  The g a i n  Q w a s  ad jus t ed  t o  provide a p i l o t  model -a i rc raf t  
system response w i t h  t h e  real r o o t  larger i n  magnitude than -0.4 rad/sec and 
a damping r a t i o  o f  the o s c i l l a t o r y  mode o f  motion greater than 0 .1 .  These 
s e l e c t i o n s  f o r  t h e  lag time cons tan t  and ga in  provide t y p i c a l  p i l o t - a i r c r a f t  
system characterist ics.  The s e l e c t e d  p i l o t  model was used without  any f u r t h e r  
adjustment  wi th  each f i l t e r  conf igu ra t ion  t o  provide a clear i n d i c a t i o n  o f  t he  
effect  o f  t h e  f i l t e r  on t h e  system response.  It w i i s ,  o f  course ,  necessary  t o  
a d j u s t  t h e  ga in  KO f o r  each a i rc raf t  conf igu ra t ion  t o  provide t h e  d e s i r e d  
system response,  bu t  t h e  pilot-model c o e f f i c i e n t s  were kept  cons t an t  f o r  each 
f i l t e r  conf igu ra t ion .  For a l t i t u d e  c o n t r o l  t h e  p i l o t  model cons i s t ed  of  an  
ou te r  loop added t o  the  p i t c h  c o n t r o l  loop as shown i n  f i g u r e  1 ,  wi th  a con
s t a n t  ga in  Kh on the  outer- loop c o n t r o l  b lock .  For t he  a l t i t u d e  c o n t r o l  
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c a s e s ,  t h e  g a i n s  Kh and Q were ad jus t ed  t o  provide a system response wi th  
t h e  lower frequency greater than about  1 r ad / sec  and t h e  lowest  damping r a t i o  
greater than 0 .1 .  Again, t hese  system c h a r a c t e r i s t i c s  are assumed t o  be 
t y p i c a l  f o r  a l t i t u d e  c o n t r o l  by a real p i l o t .  With t h e  h igh  speed a i rcraf t  
conf igu ra t ion ,  a small amount of  lead  was added t o  t h e  p i t c h  c o n t r o l  loop p i l o t  
model i n  t h e  a l t i t u d e  c o n t r o l  system. Also, f o r  a l l  t h r e e  a i rcraf t  conf igura
t i o n s ,  a l i m i t  was placed on t h e  p i t c h  command ( t h e  output  of  t h e  Kh block)  
i n  t h e  a l t i t u d e  c o n t r o l  systems. To complete t h e  p i l o t  models, a random whi te  

and w a snoise  s i g n a l  w a s  f i l t e r e d  with a second o rde r  f i l t e r  K n / ( I  + 0 . 2 ~ ) ~  
added t o  t h e  output  o f  t h e  p i l o t  model t o  r e p r e s e n t  t h e  remnant of  t h e  real 
p i l o t .  The amplitude o f  t h i s  remnant s i g n a l  was ad jus t ed  so t h a t  t h e  var iance  
o f  t h e  remnant was between 40 and 50 percent  o f  t h e  t o t a l  c o n t r o l  s i g n a l .  A l l  
t hese  items have been shown t o  be reasonable  f o r  t he  r e p r e s e n t a t i o n  o f  p i l o t  
response.  

The p i l o t  model was combined wi th  a s i m p l i f i e d ,  two-degree-of-freedoin 
r e p r e s e n t a t i o n  o f  t h e  a i rcraf t :  

CY - e = -Laa 

.. 

0 = Mqq + M@ + M6,6, 


and t h e  r e l a t i o n s h i p  f o r  a l t i t u d e  

The c o e f f i c i e n t s  f o r  t h e  t h r e e  a i rc raf t  conf igu ra t ions  are given i n  table  I ,  
toge the r  with t h e  a i r c ra f t  response c h a r a c t e r i s t i c s .  Also given are t h e  p i l o t -
model g a i n s ,  K e  and Kh, and the  p i l o t  model -a i rc raf t  system c h a r a c t e r i s t i c s .  

The nonl inear  f i l t e r  equat ions  are: 

where 6, < L i m i t  va lue ,  and 

6, = L i m i t  va lue  

where 6, > L i m i t  va lue .  The ra te  l i m i t  w a s  s e t  as low as p o s s i b l e  without  
causing u n s t a b l e  p i l o t  c o n t r o l  i n  o rde r  t o  i n s u r e  t h e  e l imina t ion  o f  as much 
p i l o t  remnant as p o s s i b l e .  The va lue  t h a t  w a s  used w a s  determined by a t r i a l  
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and e r r o r  method. An ana log  diagram o f  the  non l inea r  f i l t e r  is shown i n  
sketch (a ) .  

Limiter 

The l i n e a r  f i l t e r  was used wi th  a frequency breakpoin t  o f  5 rad/sec. 
This  frequency va lue  was chosen so t h a t  as much p i l o t  remnant as p o s s i b l e  
would be rejected whi le  as l i t t l e  low frequency lag as p o s s i b l e  would be 
added t o  the  system. The l i n e a r  f i l t e r  was mechanized i n  a s t r a igh t fo rward  
manner. 

I n  the s imula t ion  liests, three experienced tes t  p i l o t s  performed t h e  
t a s k s .  The s imula to r  cockpi t  used by the  p i l o t s  was equipped wi th  a t e l e v i s e d ,  
out-the-window d i s p l a y  o f  the  horizon and a target a i r p l a n e .  The included 
ang le  of  t he  d i s p l a y  was 20° v e r t i c a l l y  and 3 5 O  h o r i z o n t a l l y .  The c o n t r o l  
s t i c k  was a force  s t i c k  w i t h  an unl imi ted ,  l i n e a r  ou tpu t  and no h y s t e r e s i s .  
The f o r c e  s t i c k  was mounted on a rubber  block base which gave i t  a small 
amount o f  r o t a t i o n a l  movement. The c o n t r o l  s e n s i t i v i t y  was ad jus t ed  so t h a t  
it was s a t i s f a c t o r y  f o r  a l l  s u b j e c t s .  

The s imula to r  was c o n t r o l l e d  by a five-degree-of-freedom aircraft  repre
s e n t a t i o n  wi th  l i n e a r  aerodynamics and nonl inear  k inemat ics .  These equat ions  
o f  motion are g iven  i n  t h e  appendix.  The p i l o t  performed t h e  a t t i t u d e  c o n t r o l  
t a s k s  w i t h  r e fe rence  t o  t he  horizon and the  a l t i t u d e  c o n t r o l  t a s k s  wi th  refer
ence t o  the  target a i r p l a n e .  While the  p i l o t s  were performing these long i tud i 
n a l  tasks, they a l s o  had t o  r e g u l a t e  t he  la teral  d i r e c t i o n a l  response of  t h e  
aircraft  as an a d d i t i o n a l  t ask .  The target aircraft  was dr iven  so t h a t  it 
remained a t  a cons t an t  183 m i n  f r o n t  of t he  test a i rcraf t .  The target flew 
e i t h e r  s t r a i g h t  and l e v e l  o r  wi th  a s i n u s o i d a l  v a r i a t i o n  i n  a l t i t u d e .  The 
s imula tor  equa t ions  o f  motion were solved w i t h  a d i g i t a l  computer t h a t  opera ted  
w i t h  a sample rate o f  32 per sec. I n  o rde r  t o  r ep resen t  the  high frequency 
response of t he  non l inea r  f i l t e r  p rope r ly  when it w a s  ope ra t ing  on i ts  l i n e a r  
r eg ion ,  a s p e c i a l  l o c a l  l i n e a r i z a t i o n  computat ional  technique ,  descr ibed  i n  
r e fe rence  4 ,  was necessary .  

RESULTS 

Comparison o f  F i l t e r s  

To i l l u s t r a t e  the d i f f e r e n c e s  i n  the  ope ra t ion  o f  the  nonl inear  and l i n e a r  
filters, the  frequency response o f  t h e  two dev ices  can be compared. The data 
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f o r  t h e  nonl inear  f i l t e r  can only be approximate and were obtained wi th  an 
analog r e p r e s e n t a t i o n .  S inuso ida l  i n p u t  s i g n a l s  with a number o f  d i f f e r e n t  
f requencies  were app l i ed  t o  t h e  nonl inear  f i l t e r ,  and t h e  t i m e  h i s t o r y  of t h e  
output  w a s  recorded.  The frequency response 'phase ang le  d a t a  were obta ined  
by measuring the  t i m e  d i f f e r e n c e  i n  t h e  zero  c ros s ing  o f  t h e  i n p u t  and output  
and by us ing  t h e  formula 

The ampli tude r a t i o  was obta ined  from t h e  r a t i o  of  t h e  peak va lues  o f  t h e  i n p u t  
and ou tpu t .  These d a t a  are shown i n  f i g u r e s  2 ( a )  and 2 ( b ) .  I n  f i g u r e  2 ( a ) ,  
da t a  are shown which were computed wi th  t h e  r a t i o  o f  t h e  rate l i m i t  t o  t h e  
i n p u t  amplitude set so t h a t  t h e  breakpoint  frequency would be approximately 
5 rad /sec .  These d a t a  are compared wi th  t h e  response o f  t h e  l i n e a r  f i l t e r .  It 
can be seen t h a t  t h e  phase lag f o r  t he  nonl inear  f i l t e r  is less than t h e  phase 
lag f o r  t h e  l i n e a r  f i l t e r  a t  low f r equenc ie s .  This  small phase l a g  a t  low 
f requencies  f o r  t h e  non l inea r  f i l t e r  is the  r e s u l t  o f  t he  lOO-rad/sec break
p o i n t  used i n  t h e  l i n e a r  p a r t  o f  t h e  nonl inear  f i l t e r .  It can a l s o  be seen 
t h a t  t h e  reduct ion  i n  ampli tude with inc reas ing  frequency is much steeper f o r  
t h e  nonl inear  f i l t e r  than f o r  t h e  l i n e a r  f i l t e r .  The r e s u i t  is t h a t  t h e  non
l i n e a r  f i l t e r  would have less e f f e c t  on low frequency s i g n a l s ;  it would a l s o  
a t t e n u a t e  h igh  frequency s i g n a l s  be t t e r  than would t h e  l i n e a r  f i l t e r .  

Where the  response o f  t he  l i n e a r  f i l t e r  is i n v a r i a n t  with the  amplitude 
o f  t h e  i n p u t ,  t h e  non l inea r  f i l t e r  response is a f f e c t e d  by t h e  ampli tude of 
t h e  inpu t .  This  effect  is  i l l u s t r a t e d  i n  f i g u r e  2 (b )  where t h e  approximate 
frequency response o f  t h e  non l inea r  f i l t e r  f o r  t h r e e  d i f f e r e n t  i npu t  ampli tudes 
is presented .  The f i g u r e  shows t h a t  t he  larger the  ampl&itudeof  t h e  i n p u t ,  
t h e  more phase lag is c rea t ed  a t  any g iven  frequency. This  s i t u a t i o n  i n d i c a t e s  
a p o t e n t i a l  s t a b i l i t y  problem with large i n p u t s  f o r  a system incorpora t ing  t h e  
nonl inear  f i l t e r .  

To i n d i c a t e  t h e  e f f e c t  on s t a b i l i t y  o f  t he  nonl inear  f i l t e r  f o r  a t y p i c a l  
p i l o t  model -a i rc raf t  system, f i g u r e  3 is presented .  The p i l o t  model was s i m 
p l i f i e d  i n  t h i s  case by l eav ing  o u t  t he  remnant term. Figure 3(a)  shows the  
response o f  a t y p i c a l  system wi th  t h e  nonl inear  f i l t e r  inc luded  but  wi th  t h e  
rate l i m i t  set so high t h a t  i t  does not  come i n t o  e f fec t .  The commanded p i t ch -
angle  change is  5 O  i n  t h i s  case. Figure 3 (b )  shows t h e  response of  t h e  same 
system with t h e  nonl inear  f i l t e r  rate l i m i t  set  so t h a t  it does come i n t o  opera
t i o n .  I n  comparison wi th  f i g u r e  3 (a ) ,  f i g u r e  3 ( b )  shows t h a t  t h e  nonl inear  
f i l t e r  does no t i ceab ly  change t h e  c o n t r o l  moment time h i s t o r y ,  bu t  t h e r e  is 
no n o t i c e a b l e  e f fec t  on t h e  p i tch-angle  time h i s t o r y .  F igure  3(c)  shows t h e  
response o f  t h e  same system used i n  f i g u r e  3 ( b )  t o  a 100 pi tch-angle  change 
command. I n  t h i s  last  case t h e  i n i t i a l  overshoot  i n  p i t c h  ang le  is no t i ceab ly  
larger i n  propor t ion  t o  t h e  s t eady- s t a t e  va lue  o f  p i t c h  ang le  than i n  t h e  case 
with t h e  5 O  pi tch-angle  change. This  change i n  t h e  s t a b i l i t y  o f  t h e  response
of the  system with an i n c r e a s e  i n  t h e  s i z e  o f  t he  i n p u t  command i l l u s t r a t e s  a 
p o s s i b l e  disadvantage o f  t h e  non l inea r  f i l t e r .  
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I n  t h i s  r e p o r t ,  c o n t r o l  a c t i o n  is presented  as the  normalized c o n t r o l  
moment M6,6,; c o n t r o l  d e f l e c t i o n  is no t  used.  The purpose f o r  t h i s  p a r t i c u l a r  

method o f  data p r e s e n t a t i o n  is t o  g e n e r a l i z e  the  r e s u l t s  rather than  t o  l eave  
them as t h e  func t ion  o f  a p a r t i c u l a r  c o n t r o l  e f f e c t i v e n e s s  va lue .  

P i l o t  Mode1 Analysis  

To test the  u s e f u l n e s s  o f  the  nonl inear  f i l t e r ,  a s tudy  us ing  p i l o t  models 
f o r  both a t t i t u d e  and a l t i t u d e  c o n t r o l  was undertaken.  T h i s  s tudy  compared 
the nonl inear  f i l t e r  wi th  both no f i l t e r  and a l i n e a r ,  first o rde r  f i l t e r .  
The comparison was made wi th  each of three d i f f e r e n t  aircraft conf igu ra t ions .  
The nonl inear  f i l t e r  rate l i m i t s  were e s t ab l i shed  i n i t i a l l y  i n  these tests by 
not ing  the maximum rate requi red  i n  the  50 a t t i t u d e  change maneuver and by 
s e t t i n g  the  rate l i m i t  a t  one-half t h i s  maximum va lue .  Fu r the r  r e s t r i c t i o n s  
i n  the rate l i m i t  were then t r i e d .  

The first a i rcraf t  conf igu ra t ion  t o  be d i scussed  r e p r e s e n t s  a f igh te r  
aircraft  a t  medium speed. The a i rcraf t  speed was 214 m/sec, and the  air

2craf t  s h o r t  per iod  response characterist ics were wsp = 20 rad2/sec2, 

2cspwsp = 5 rad/sec (wsp = 4.48 rad/sec, cSp = 0.56). The r e s u l t s  obtained 
f o r  a s t e p  change i n  p i t c h  ang le  when t h e  f i l ters were i n s e r t e d  i n  a system 
conta in ing  t h i s  aircraft  and the t y p i c a l  p i l o t  model are shown i n  f i g u r e  4 .  
The f i g u r e  shows a r educ t ion  i n  the  p i t c h i n g  motion a c t i v i t y  as i l l u s t r a t e d  
by the amplitude o f  p i t c h i n g  v e l o c i t y  q. This  reduced p i t c h i n g  a c t i v i t y  is 
evident  when compared w i t h  t h e  no f i l t e r  cond i t ion .  The non l inea r  f i l ter  
b r i n g s  about  a greater reduct ion  i n  p i t c h i n g  a c t i v i t y  than  does the  l i n e a r  
f i l t e r .  Each f i l t e r  reduces t he  effect  o f  t he  p i l o t  remnant,  but  t he  l i n e a r  
f i l t e r  a l s o  reduces t h e  dalliping o f  the o s i l l a t o r y  mode o f  motion o f  t h e  system. 
This  reduct ion  i n  system damping is  i l l u s t r a t e d  more c l e a r l y  i n  f i g u r e  5 where 
t h e  p i l o t  remnant has been removed from the  p i l o t  model. 

Similar r e s u l t s  were obta ined  when a s t e p  change i n  a l t i t u d e  was computed 
us ing  the  mul t i loop  p i l o t  model. These r e s u l t s  are shown i n  f i g u r e  6 ,  and 
aga in  a decrease i n  system damping occurs  when the  l i n e a r  f i l t e r  is added t o  
the p i l o t  model -a i rc raf t  system; s l i g h t l y  less  p i t c h i n g  motion a c t i v i t y  occurs  
w i t h  the  non l inea r  f i l t e r  than  w i t h  the  l i n e a r  f i l t e r .  However, i n  t h i s  case 
the  system w i t h  no f i l t e r  demonstrated the smallest p i t c h i n g  a c t i v i t y .  

I n  the cons ide ra t ion  o f  the  high speed a i rcraf t  conf igu ra t ion  
2(V = 305 m/sec, wsp = 100 rad/sec2, 25,pwSp = 3 rad/sec),  a clear r educ t ion  

i n  p i t c h i n g  a c t i v i t y  occurred w i t h  the non l inea r  f i l t e r  i n  comparison w i t h  the  
no f i l t e r  conf igu ra t ion  or  t h e  l i n e a r  f i l t e r .  The r e s u l t s  are shown i n  f ig 
u r e  7, where the  response t o  a s t e p  change i n  a l t i t u d e  is shown. The same 
r e s u l t  was obtained w i t h  t h e  s t e p  change i n  p i tch-angle  computation. It should 
be mentioned aga in  t h a t  a small amount o f  p i l o t  l e a d  (a lead t i m e  cons t an t  of 
0.2 sec) was used i n  the  computation of the  a l t i t u d e  change shown i n  f i g u r e  7. 
This  amount of lead is an a d d i t i o n  t h a t  a p i l o t ,  a t t empt ing  t o  improve the  ays
tem response,  is l i k e l y  t o  t r y  i n  h i s  c o n t r o l  response.  



2 With t h e  low speed aircraft  conf igu ra t ions  (V = 122 m/sec, 
wSP = 5 rad/sec2, 2i&pwsp = 5 rad/sec), t he  r e s u l t s  of  t he  s t e p  p i t c h  ang le  
and s t e p  a l t i t u d e  change were the same as f o r  the first two conf igu ra t ions .  
One tes t  i n  which the  f i l t e r s  had a pronounced effect  w i t h  t he  low speed a i r 
craft conf igu ra t ion  was i n  fol lowing a s i n u s o i d a l  a l t i t u d e  command. A t y p i c a l  
computed run  is shown i n  f i g u r e  8. The command i n  t h i s  case w a s  a s i n e  wave 
wi th  a per iod o f  30 sec and an amplitude o f  120 m. I n  these cases i t  was nec
es sa ry  t o  remove the  l i m i t  i n  t he  p i l o t  model on p i tch-angle  command because 
an ang le  larger than the l i m i t  was requi red  t o  perform the maneuver. A s  a 
r e s u l t ,  the  system i n s t a b i l i t y  t h a t  r e s u l t s  without  t h e  p i tch-angle  command 
l i m i t  can be seen t o  occur  a t  the end o f  the run.  

A summary o f  the  r e s u l t s  ob ta ined  from these computations is  presented  
i n  table I1 which con ta ins  the root-mean-square va lues  f o r  a l t i t u d e  e r r o r  f o r  
a l l  three a i rcraf t  conf igu ra t ions  w i t h  a l l  three f i l t e rs .  To show a t  a g lance  
the e f fec t  o f  the  non l inea r  f i l t e r  and the l i n e a r  f i l t e r ,  these root-mean
square e r r o r  va lues  have been normalized ( t o  100) t o  t he  no f i l t e r  case. The 
r e s u l t s  show that  w i t h  t he  low speed a i rcraf t  conf igu ra t ion ,  both t h e  nonl inear  
f i l t e r  and t h e  l i n e a r  f i l t e r  provide cons iderable  improvement i n  the  s i n u s o i d a l  
command-following a b i l i t y  o f  the  p i l o t  model -a i rc raf t  system. Less improvement 
was provided by t h e  two f i l t e rs  w i t h  the  h igh  speed a i r c ra f t ,  and w i t h  t he  
medium speed a i rcraf t ,  t he  f i l t e r s  reduced the  accuracy o f  the s i n u s o i d a l  a l t i 
tude  fo l lowing .  

Simulat ion Tests 

Three experienced tes t  p i l o t s  ( P ,  K ,  and E )  served as s u b j e c t s  i n  t he  
s imula t ion  tes ts .  Each p i l o t  tested each f i l t e r  conf igu ra t ion  w i t h  each o f  
t h e  three a i rcraf t  conf igu ra t ions .  I n  t h i s  i n v e s t i g a t i o n  the  rate l i m i t  i n  
t he  nonl inear  f i l t e r  w a s  se t  by combining t h e  p i l o t  model w i t h  the  five-degree
of-freedom, nonl inear  a i rc raf t  r e p r e s e n t a t i o n  and by not ing  the  maximum c o n t r o l  
moment rate t h a t  was requ i r ed  i n  a 3O pi tch-angle  change maneuver. The rate 
l i m i t  was then set  a t  one-half of  t h i s  maximum value .  Although t h i s  method 
of sett ing t h e  rate l i m i t  proved t o  be very u s e f u l  i n  determining the i n i t i a l  
va lue ,  p re l iminary  tes ts  showed t h a t  the  rate l i m i t  could be restricted a 
l i t t l e  more. The t a s k  of fol lowing t h e  t a r g e t  a i r p l a n e ,  which was moving v e r t i 
c a l l y  w i t h  a s i n u s o i d a l  v a r i a t i o n  w i t h  a per iod  o f  30 sec and an ampli tude o f  
120 m,  proved t o  be the most s e n s i t i v e  test  of  r equ i r ed  c o n t r o l  moment rate; 
t h e r e f o r e ,  t h i s  t a sk  was used i n  t h i s  pre l iminary  i n v e s t i g a t i o n .  The au tho r  
was the  s u b j e c t  i n  these tests ( s u b j e c t  GI. Sample tests w i t h  the  higp speed 
a i rcraf t  are shown i n  f i g u r e  9. With the  i n i t i a l  l i m i t  va lue  f o r  Qe6e 

of 450°/sec3, the  p i l o t  performed the  maneuver wi th  no d i f f i c u l t y .  When the  
l i m i t  va lue  was reduced t o  250°/sec3, t he  p i l o t  experienced some d i f f i c u l t y  
a t  first,  as is i n d i c a t e d  by the  one c y c l e  o f  a d ive rgen t  o s c i l l a t i o n  t h a t  can 
be seen between t h e  5- and 25-sec marks i n  f i g u r e  9.  However, the  p i l o t  made 
the  necessary  adjustment  and regained c o n t r o l .  It was concluded from t h i s  
t e s t  t h a t  the  l i m i t  va lue  o f  250°/sec3 w a s  c l o s e  t o  t he  lowest  u s e f u l  va lue  
f o r  the  rate l i m i t ,  and t h i s  va lue  was used i n  the  remainder o f  the  inves t iga 
t i o n  w i t h  the  high speed a i rcraf t  conf igu ra t ion .  S i m i l a r  tests were made w i t h  
t h e  o t h e r  two a i rcraf t  conf igu ra t ions ;  consequent ly ,  va lues  o f  Mge6e o f  
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800/sec3 f o r  t h e  medium speed conf igu ra t ion  and 600/sec3 f o r  the low speed con
f i g u r a t i o n  were selected f o r  t h e  remainder o f  the  i n v e s t i g a t i o n .  

The r e s u l t s  f o r  the  p i l o t s  i n  the  s imula to r  c l o s e l y  p a r a l l e l  those  obtained 
w i t h  the  p i l o t  model i n  t h e  a n a l y t i c a l  s tudy .  T ime  h i s t o r y  r eco rds  obtained 
w i t h  p i l o t  P f o r  the s t e p  change i n  p i t c h  a n g l e  are shown i n  f i g u r e  10. These 
r e s u l t s  are t x p i c a l  f o r  a l l  the  s u b j e c t s .  The p i l o t s  conducted these tes ts  i n  
a sys t ema t i c  manner by first performing a very  slow maneuver (us ing  a low g a i n )  
which they  were s u r e  would be w e l l  damped. They inc reased  t h e  maneuver ra te  
i n  the next  t r y ,  and then made a f i n a l  maneuver which was done as r a p i d l y  as 
they  be l ieved  they would ever  perform t h e  maneuver. T h i s  f i n a l  maneuver should 
compare w i t h  t h e  p i l o t  model r e s u l t s .  Figure 10 shows t h a t  i n  comparison wi th  
t h e  response w i t h  e i ther  the  no f i l t e r  o r  non l inea r  f i l t e r ,  there is a reduc
t i o n  i n  system damping f o r  the  r ap id  maneuver w i t h  the  l i n e a r  f i l t e r  included 
i n  the  system. I n  a d d i t i o n ,  t he  p i t c h i n g  a c t i v i t y  is  lowest w i t h  t h e  non
l i n e a r  f i l t e r .  Figure 11 shows the s t e p  a l t i t u d e  change maneuver, and aga in ,  
the  p i t c h i n g  a c t i v i t y  is s l i g h t l y  less  w i t h  t h e  non l inea r  f i l t e r  than w i t h  
ei ther t h e  no f i l t e r  o r  the  l i n e a r  f i l t e r  c o n f i g u r a t i o n s .  

With the h igh  speed a i rcraf t  conf igu ra t ion ,  t he  p i t c h i n g  a c t i v i t y  i s  
c l e a r l y  the smallest w i t h  the  nonl inear  f i l t e r  i n  both the  a t t i t u d e  change and 
t h e  a l t i t u d e  change tasks. These r e s u l t s  are shown i n  f i g u r e s  12 and 13 where 
p i l o t  P was t h e  s u b j e c t .  These f i g u r e s  show t h a t  no t  only does t h e  nonl inear  
f i l t e r  reduce the random no i se  generated by the  p i l o t ,  bu t  a l s o  it does no t  
effect  t h e  l i n e a r  p o r t i o n  o f  the p i l o t ' s  response.  Therefore ,  w i t h  t h e  non
l i n e a r  f i l t e r  i n  t he  system, the  f i n a l  s t e a d y - s t a t e  cond i t ion  of the  maneuver 
is a r r i v e d  a t  quick ly  and w i t h  only a small o s c i l l a t i o n  about  t h i s  s teady-
s ta te  va lue .  

With the  low speed a i rcraf t  conf igu ra t ion ,  the  most pronounced effect  i n  
t he  s imula t ion  tes ts  occurred ,  as it d i d  i n  t he  pilot-model a n a l y s i s ,  i n  t h e  
t a sk  o f  fol lowing a s i n u s o i d a l  a l t i t u d e  command. A se t  o f  t y p i c a l  time h i s 
t o r i e s  is shown i n  f i g u r e  1 4 .  There was a great deal o f  l e a r n i n g  involved i n  
t h i s  t a s k .  The performance measure used was the  d i f f e r e n c e  i n  the a l t i t u d e  
of the  target a i r p l a n e  and t h a t  o f  t h e  c o n t r o l l e d  a i r p l a n e ,  but  t h e  p i l o t s  
tended t o  want on ly  t o  keep the  gun s i g h t  p ipper  on the target.  As they learned  
t h a t  a good s c o r e  r e s u l t e d  from s t a y i n g  a t  the  same a l t i t u d e  as t h e  t a r g e t  and, 
a t  the  same time, learned  t o  use a small amount o f  lead t o  accomplish t h i s  task,  
t he  s c o r e s  improved by a large amount. To show the  f i n a l  r e s u l t ,  t h e  las t  three 
s c o r e s  of the  one s u b j e c t  who performed a complete set o f  tes ts  are given i n  
table 11. It can be seen  t h a t  no improvement i n  root-mean-square va lues  o f  
t h e  a l t i t u d e  e r r o r  was provided by either t h e  non l inea r  f i l t e r  or t h e  l i n e a r  
f i l t e r  wi th  t h e  medium speed aircraft  conf igu ra t ion ,  there was some improvement 
w i t h  t he  high speed a i rc raf t ,  and there was a n o t i c e a b l e  improvement due t o  
the  f i l ters w i t h  t he  low speed a i rcraf t .  These r e s u l t s  c l o s e l y  match t h e  
r e s u l t s  obtained i n  the  p i l o t  model a n a l y s i s .  

The p i l o t s  were asked t o  rank the  d i f f e r e n t  f i l t e r  conf igu ra t ions  as 
b e s t  (11, i n  between (21, and worst  ( 3 ) .  These rating d a t a  are given i n  
t a b l e  111. It can be seen  tha t  the  p i l o t s  d i d  no t  agree i n  t h e i r  rankings.  
Fu r the r ,  i n d i v i d u a l  p i l o t s  va r i ed  i n  the i r  r a t i n g s  when d i f f e r e n t  aircraft  
conf igu ra t ions  were involved .  The effect  o f  t he  f i l t e r ,  as shown i n  the  time 
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h i s t o r i e s  presented  p rev ious ly ,  was small; t h i s  probably prevented t h e  p i l o t s  
from reaching an agreement i n  rankings g iven  t h e  small amount o f  experience they 
had with t h e  d i f f e r e n t  f i l t e r s  dur ing  the  p re sen t  experiment.  Nevertheless ,  
based on t h e  improved performance shown i n  t h e  time h i s t o r i e s ,  t h e  nonl inear  
f i l t e r  obviously provides  real b e n e f i t s ;  it deserves  f u r t h e r  cons ide ra t ion .  

I n  t h e  p re sen t  i n v e s t i g a t i o n ,  t h e  f i l t e r s  were no t  l o c a t e d  i n s i d e  any 
s t a b i l i t y  augmentation loops .  The f i l t e r s  were meant t o  be i n s i d e  p i lo t - loop  
c l o s u r e s  only ,  and, t h e r e f o r e ,  t he  a i rcraf t  was represented  as having no sta
b i l i t y  augmentation. Even had the aircraft  included s t a b i l i t y  augmentation, 
t h e  i n t e n t i o n  was t o  l o c a t e  t h e  f i l t e r  o u t s i d e  t h e s e  loops .  

The nonl inear  f i l t e r  was a l s o  t r i e d  on the  a i l e r o n  c o n t r o l  system. Tests 
were made both with p i l o t  models i n  an a n a l y t i c a l  s tudy  and wi th  real p i l o t s  
i n  the  s imula t ion  s tudy .  I n  each s i t u a t i o n  it was found t h a t  a small amount 
of  rate r e s t r i c t i o n  caused a very n o t i c e a b l e  d e t e r i o r a t i o n  i n  t h e  s t a b i l i t y  
of the  system response.  For t h i s  reason the  use o f  t he  nonl inear  f i l t e r ,  as 
def ined  i n  t h i s  s tudy ,  is recommended f o r  use  only i n  t h e  e l e v a t o r  c o n t r o l  
system. 

I n  the  p resen t  i n v e s t i g a t i o n ,  t h e  rate l i m i t  i n  t he  non l inea r  f i l t e r  was 
set i n d i v i d u a l l y  f o r  each a i rc raf t  conf igu ra t ion  and was a d i f f e r e n t  value f o r  
each a i r c r a f t .  T h i s  s i t u a t i o n  i n d i c a t e s  t h a t  i f  t h e  non l inea r  f i l t e r  were t o  
be used  i n  an a i rcraf t  with a l a r g e  f l i g h t  envelope, the  rate l i m i t  value would 
have t o  be scheduled as a func t ion  of  f l i g h t  cond i t ions  t o  achieve  t h e  b e s t  
r e s u l t s  p o s s i b l e .  T h i s  schedul ing problem was by-passed i n  t h e  p re sen t  
i n v e s t i g a t i o n .  

During t h e  p re sen t  s tudy there were no i n s t a n c e s  found where the  nonl inear  
f i l t e r  caused a d ive rgen t  o s c i l l a t i o n  i n  an a t t i t u d e  c o n t r o l  t a s k .  However, 
there were cases involv ing  a l t i t u d e  c o n t r o l  i n  which pi lot- induced uns t ab le  
o s c i l l a t i o n s  d i d  occur .  I n  t h e  pilot-model a n a l y t i c a l  s tudy ,  i t  w a s  found t h a t  
a rate r e s t r i c t i o n  which was s a t i s f a c t o r y  fo r  the  a t t i t u d e  c o n t r o l  t a s k  d i d  
cause an uns t ab le  o s c i l l a t i o n  i n  t h e  a l t i t u d e  change t a s k  i f  t h e  p i tch-angle  
command l i m i t  was not  included i n  t h e  p i l o t  model. Inc luding  t h e  pi tch-angle  
command l i m i t  e l imina ted  t h e  problem. I n  t h e  s imula t ion  s tudy  it  was found 
t h a t  us ing  a ra te  l i m i t  i n  t he  nonl inear  f i l t e r  with a l i m i t  va lue  smaller than 
t h e  va lue  repor ted  i n  t h i s  s tudy caused p i lo t - induced  uns t ab le  o s c i l l a t i o n s  
i n  a l t i t u d e  c o n t r o l  tasks .  Figure 9 ( b )  is an example o f  a bo rde r l ine  case .  
A rate r e s t r i c t i o n  t h a t  is  too  great must c l e a r l y  be avoided.  The c r i t i ca l  
t a sks  where t r o u b l e  might ar ise  are t a s k s  t h a t  r e q u i r e  r a p i d  and a c c u r a t e  a l t i 
tude  r e g u l a t i o n .  Formation f l y i n g ,  s h o r t  range a i r - t o - a i r  combat, and landing  
are examples of  such tasks.  Large a l t i t u d e  changes such as those  requi red  i n  
naviga t ion  t a sks ,  but  which do not  r e q u i r e  r a p i d  and a c c u r a t e  response ,  would 
probably not  be c r i t i c a l .  

CONCLUSIONS 

Ana ly t i ca l  s t u d i e s  us ing  p i l o t  models and s imula t ion  s t u d i e s  us ing  p i l o t  
s u b j e c t s  have l e d  t o  t h e  fo l lowing  conclus ions  about  the  use fu lness  o f  a non
l i n e a r ,  rate-l imited,  p i l o t  p i t c h  c o n t r o l  f i l t e r :  

11 



1.  The pilot-model a n a l y t i c a l  s tudy  showed t h a t  the  nonl inear  f i l t e r  d i d  
e l i m i n a t e  enough o f  the p i l o t ' s  remnant ( n o i s e )  s o  t h a t  smoother maneuvering, 
wi th  smaller ampli tude i n  t h e  p i t c h i n g  v e l o c i t y  peak v a l u e s ,  could be obta ined .  
The l i n e a r  f i l t e r  not  on ly  rejected the  p i l o t ' s  remnant,  but  a l s o  reduced the  
damping o f  the  basic p i l o t - a i r c r a f t  system modes o f  motion. 

2. Time  h i s t o r i e s  ob ta ined  with experienced r e sea rch  p i l o t s  confirmed the  
r e s u l t s  o f  the  a n a l y t i c a l  s tudy because t h e  non l inea r  f i l t e r  d i d  promote r a p i d ,  
smooth maneuvers. However, p i l o t  rankings  d i d  no t  confirm the  r e s u l t s  shown 
i n  the  time h i s t o r i e s .  This  l ack  o f  conf i rmat ion  from p i l o t  rankings  is t o  
be expected because o f  t h e  small effect  o f  t he  f i l t e r  and t h e  lack o f  ex tens ive  
experience a f forded  by these abbrevia ted  tests.  

3. The s tudy  showed t h a t  i n s t a b i l i t i e s  i n  t h e  p i l o t - a i r c r a f t  system can 
r e s u l t  when the  va lue  o f  t he  rate limit i n  the  non l inea r  f i l t e r  is se t  too  low. 
The s tudy shows t h e  advantages t h a t  can be obta ined  w i t h  t he  non l inea r  f i l t e r ;  
f u r t h e r  development may a l l e v i a t e  the i n s t a b i l i t y  problem. 

Langley Research Center 

National  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 

February 24, 1978 
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APPENDIX 


EQUATIONS OF MOTION FOR THE SIMULATION STUDY 


The equa t ions  of motion used fo r  t h e  p i l o t  s imula t ion  experiment were: 


A, = 0 

6 p + q s i n  4 t a n  0 + r cos 4 t a n  0 

$ =  r cos 4 + q s i n  4 
cos e 

z1  = COS Q COS e 

ml = cos Q s i n  0 s i n  4 - s i n  Q cos 4 

n1 = cos Q s i n  8 cos 4 + s i n  Q s i n  4 

13 




APPEND IX 

22 = s i n  + cos 8 

m2 = s i n  JI s i n  8 s i n  Cp + cos + cos Cp 

n2 s i n  + s i n  8 cos Cp - cos J, s i n  Cp 

13 = - s in  8 

m 3  cos 0 s i n  Cp 

n3 = cos 8 cos Cp 

Vx = ZlA, + mlAy + nlA, 

try= 22Ax + m2Ay + n2AZ 

t, = 1 3 A x  + m3Ay + n3A, + g 

u = 2 1 V x  + 22Vy + l3V, 

v = mlVx + m2Vy + m3V, 

w nlVx + n2Vy + n3V, 

v = (v”’ + vy2 + v, 2)1’2 

W 

a = tan-1 -

U 




- -  

- -  

APPENDIX 

where 

A, ,Ay ,A, body-axis components of a c c e l e r a t i o n ,  m/sec2 

FY s i d e  f o r c e ,  N 


I x  9 I z  moments of i n e r t i a ,  kg-m 2 


Ixz product  o f  i n e r t i a ,  kg-m2 

g-, per  sec 
vXO 

, per  sec 
I~ ar 

1 aMx 
I~ a8 

per  sec2 

Lg a 

1 

L i  

4 8 . 4
-2.74, per  s e c  

1 

L r  2 .058 ,  per  s e c  

I-r; -42.14 p e r  sec2 
1 

Lg a -10.0, per  sec2 

MX r o l l i n g  moment, N-m 

MZ yawing moment, N-m 

1 aMZ 
NP. = -

I z  a P  
-, p e r  s e c  
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1 aMz 
= - *B I~ aB 

, p e r  sec* 

N;, = 0.0148, pe r  sec 


N r  = -0.278, pe r  sec 


N i  = 5.54, per  s ec2  


N i p  = -10.0, per  see2  


P ,r r o l l i n g  and yawing v e l o c i t y ,  rad /sec  


u,v,w body-axis components of v e l o c i t y ,  m/sec 


vx ,vy ,v, v e r t i c a l - a x i s  components of v e l o c i t y ,  m/sec 


1 aFY-
mV ap 

, per  sec 

1 aFY- -, per  sec 
mV aB 

= -0.159, per  sec 

s i d e s l i p  a n g l e ,  rad 

a i l e r o n  and rudder  d e f l e c t i o n ,  rad or deg 

yaw and roll ang le ,  rad 
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TABLE 1.- AIRCRAFT STABILITY DERIVATIVES AND OPEN- AND 

CLOSED-LOOP CHARACTERISTICS 

Parameter  
1 

wsp, r a d / s e c  

ESP 

P i l o t  

. ~. .- -. 

Medium speed High speed
aircraft  aircraft

I 

Aircraft c o n f i g u r a t i o n  

214 305 


1.3 1.3 


.0461 .0322 


-15.2 -97.8 


-3.70 -1.70 


-10.0 -10.0 


20 100 


5 3 


4.48 10.00 


.55 .15 
~ _ _ ~ - ~

m o d e l - a i r c r a f t  svstem a t t i t u d e  

..... ~ .. 

2.4 6.0 

-.890 -.567 

3.92 9.30 

.10 .ll 

7.55 	 6.25 


.89 .83 

- . 

m o d e l - a i r c r a f t  	 sys t em a l t i t u d e  
c o n t r o l  c h a r a c t e r i s t i c s  

2.4 6.0 


1.75 1.23 


1.35 1.02 


.125 .lo3 


3.85 9.33 


.156 .224 


7.55 6.47 


.89 .82 


Low speed 
aircraft

1 

122 


.6 


.0805 


-2.36 


-4.40 


-10.0 


5 


5 


2.24 


1.11 


1.5 

-.526 
2.75 

.10 


7.25 


.96 


1.5 


1.54 


.740 


.244 


2.67 


.133 


7.29 


.95 


KO, deg/deg 

A, r a d / s e c  

wa, r a d / s e c  

<a 

w6, r a d / s e c  

E6 
___I- -

~-

K O ,  deg ldeg  

Kh, deg/m 

Wh, r a d / s e c  

c h  

wa, r a d / s e c  

w6, r a d / s e c  

56 
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TABLE 11.- ROOT-MEAN-SQUARE ALTITUDE ERROR I N  


SINUSOIDAL ALTITUDE COMMAND TASK 

( a >  Pilot-model r e s u l t s  

Normalized e r r o r  f o r  -

Aircraft 
I F i l t e r  conf igu ra t ion  

conf igu ra t ion  
I1 NO f i l t e r  Nonlinear f i l t e r  

Medium speed 100 105.5 
High speed 100 94 
Low speed 100 90.5 

(b) P i l o t e d  r e s u l t s ;  s u b j e c t  G 

Error i n  meters f o r  
-

T r i a l  No f i l t e r  Nonlinear f i l t e r  I Linear 

Linear  f i l t e r  

105.5 
93 
90 

f i l t e r  
I I 

Medium speed a i r c ra f t  

1 12.2 12.8 11.5 
2 9.9 6.9 8.5 
3 6.2 7.6 6.8 

High speed a i r c r a f t  

1 9.7 8.8 
2 9.7 8.4 
3 8.2 8.4 

Low speed a i r c r a f t  

1 30.0 20.8 25.0 
2 24.6 20.2 21.1 
3 21.7 21 .o 27.7 
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TABLE 111.- PILOT RANKING OF FILTER CONFIGURATIONS 


- . - .- . -

P i l o t  ranking f o r  -
F i l t e r  c o n f i g u r a t i o n  

P i l o t  

E 
I 

I 


I A l l  

20 


No f i l t e r  [ Nonlinear f i l t e r  
.. 

Medium speed a i rcraf t  

1 
3 

1 2 

High speed a i rcraf t  

2 
3 
1 

Low speed a i rcraf t  

f i l t e rs  were ranked as equal  by 

Linear  f i l t e r  

2 

3 

1 
2 
2 

a l l  p i l o t s .  



- - - - - - - - - - - - - -  r------ -1 
I

Pilot model Remnant I 

FilterTI 

~~ ~~ ~~ 

Figure 1 . - Block diagram of p i l o t  model-aircraft  system. 
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-20 

( a >  Comparison o f  nonl inear  and l i n e a r  f i l t e r .  

2.- frequency response.  denotes  amplitude r a t i o .  1 
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w, rad/sec 

Nonlinear f i l t e r  with t h r e e  d i f f e r e n t  i npu t  amplitudes. 

Figure 2.  - Concluded. 
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deg/ sec 

-5 

e 
M6 'e' 2 25:Ed e g h e c  -250 

I-l-J-J u l l r l  
0 5 10 15 0 5 10 15 o 5 i o  15 

Time, sec Time, sec Time, sec 

(a )  No rate l i m i t .  (b) Rate l i m i t  ( c )  Large command. 
i n  effect. 

F igure  3.- Effect o f  nonl inear  rate l i m i t  on system s t a b i l i t y ;  
medium speed a i rcraf t .  
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deg/ sec 
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deg/sec 3 -250M' 25:E 
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-1 

Mb -250deg/sec 
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m 
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u 1111(10 20 10 20 0 10 20 

Time, sec Time, sec Time, sec 

( a )  No f i l t e r .  ( b )  Nonlinear f i l t e r .  ( c )  Linear f i l t e r .  
Figure 4.- Step pitch-angle change; medium speed a i r c r a f t .  



250 
e 

deg/M6 sec2 -2%oE, 
1 

E 
I 1 U 

0 10 0 10 0 10 
Time, sec Time, sec Time, sec 

( a )  No f i l t e r .  ( b )  Nonlinear f i l t e r .  ( c )  Linear  f i l t e r .  

Figure 5.- Step  p i tch-angle  change; medium speed a i rcraf t ;  
remnant omit ted from p i l o t  model. 

26 




deq/ss2 

9,

deg/ sec 

Altitude, m 

-5
"E E 

-120 

Mge 8e1c' -25025:E 

L 
0 10 20 30 

1 1 1 I 
0 10 20 30 

E 

E 
I-t 
Ey_yc__-- . . 

II I 1 I 
0 10 . 20 30 

Time, sec Time, sec Time, sec 

(a )  No f i l t e r .  (b) Nonlinear f i l t e r .  ( c )  Linear f i l t e r .  

Figure 6.- Step alt i tude change; medium speed aircraf t .  
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( c )  Linear f i l t e r .  

Figure 7 .- Step al t i tude change ; high speed a i r c ra f t .  
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Figure 8.- S inuso ida l  a l t i t u d e  command; low speed a i rcraf t  with 
non l inea r  f i l t e r ;  h, = (120 cos 0 .21 t )  - 120. 
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( a >  Large rate l i m i t  i n  non l inea r  f i l t e r .  

Figure 9 .- Sinuso ida l  a l t i t u d e  command ; high-speed aircraft;  
hc = (120 COS 0 .21 t )  - 120. 
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F igure  9.- Concluded. 
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S tep  pi tch-angle  change; p i l o t  P ;  
medium speed aircraft. 
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Figure 10.- Continued. 
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Figure 10.- Concluded. 
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Figure 11.- Step a l t i tude  change; p i lo t  P ;  medium speed a i r c r a f t .  
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Figure 12.- S tep  pi tch-angle  change; p i l o t  P ;  h igh  speed a i rc raf t .  
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F igure  13.- S tep  a l t i t u d e  change; p i l o t  P ;  h igh  speed a i rcraf t .  
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Figure 14 .- Sinuso ida l  a l t i t u d e  command ; low speed aircraft;  
nonl inear  f i l t e r .  
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